Human blood Vγ9Vδ2 T cells respond to signals from microbes and tumors and subsequently differentiate into professional antigenpresenting cells (γδ T-APCs) for induction of CD4 + and CD8 + T cell responses. γδ T-APCs readily take up and degrade exogenous soluble protein for peptide loading on MHC I, in a process termed antigen cross-presentation. The mechanisms underlying antigen crosspresentation are ill-defined, most notably in human dendritic cells (DCs), and no study has addressed this process in γδ T-APCs. Here we show that intracellular protein degradation and endosomal acidification were significantly delayed in γδ T-APCs compared with human monocyte-derived DCs (moDCs). Such conditions are known to favor antigen cross-presentation. In both γδ T-APCs and moDCs, internalized antigen was transported across insulin-regulated aminopeptidase (IRAP)-positive early and late endosomes; however, and in contrast to various human DC subsets, γδ T-APCs efficiently translocated soluble antigen into the cytosol for processing via the cytosolic proteasome-dependent cross-presentation pathway. Of note, γδ T-APCs cross-presented influenza antigen derived from virus-infected cells and from free virus particles. The robust cross-presentation capability appears to be a hallmark of γδ T-APCs and underscores their potential application in cellular immunotherapy.
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antigen cross-presentation | dendritic cells | γ/δ T cells | influenza virus I mmunity to intracellular pathogens and tumors is dependent on MHC I-restricted cytotoxic CD8 + T cells (CTLs), which kill infected and transformed cells. The conventional MHC I pathway involves the processing and presentation of endogenous antigen, thereby marking infected tissue cells and tumors as targets for CTLs. However, many viruses do not infect antigen-presenting cells (APCs), and most tumors do not arise in APCs. In these instances, protective immunity fully depends on MHC I loading of peptides from exogenous antigen, an ill-defined process known as antigen cross-presentation (1) (2) (3) (4) . Although there is consensus that lymphoid tissue resident CD8 + DCs are the main cross-presenting DC subset in mice (2, 3) , much less is known about their human counterpart. Recent evidence suggests that human plasmacytoid DCs may fulfill this function, but this finding is a matter of debate (5) (6) (7) (8) . Because of restricted tissue access, most human studies have focused on in vitro-generated monocyte-derived DCs (moDCs), which have excellent phagocytic activity but limited ability to crosspresent soluble antigen (7, (9) (10) (11) .
We and others recently reported that activated human Vγ9Vδ2 T cells (γδ T-APCs) are a distinct type of professional APCs (10, (12) (13) (14) . Vγ9Vδ2 T cells represent the major subset of γδ T cells in human peripheral blood that differ from their αβ T cell counterparts in their MHC-independent recognition of small nonpeptide compounds (15) (16) (17) (18) . Most Vγ9Vδ2 T cells are memory cells with selectivity for microbial-derived (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMB-PP), explaining their tremendous expansion at early stages of microbial infections (16, 18) . Of interest, this antigen selectivity is unique to humans and primates; that is, mouse γδ T cells do not respond to these ligands. Activation of Vγ9Vδ2 T cells leads to rapid production of proinflammatory cytokines and target cell killing (15) (16) (17) (18) . In addition, activated Vγ9Vδ2 T cells express many features of APCs, including adhesion receptors, costimulatory molecules, and classical (MHC I and II) antigen-presenting molecules, and are highly effective APCs in vitro for both memory and naïve αβ T cells (12, 18) . Of note, and in contrast to moDCs, we demonstrated that γδ T-APCs efficiently cross-present soluble protein (10) . γδ T-APCs and moDCs did not differ in their ability to induce CD4 + T cell responses or to present peptides to CD8 + T cells, indicating main differences in their antigen cross-presentation pathway(s).
The molecular mechanisms underlying cross-presentation in γδ T-APCs are unknown but may involve a specialized "crosspresentation machinery" similar to that in mouse CD8 + DCs (2, 3). Critical factors for cross-presentation are (i) route of antigen uptake, (ii) acidification sensitive antigen degradation in endosomes/lysosomes, and (iii) antigen entry into the MHC I pathway (1, 2) . The canonical cytosolic pathway involves the translocation of endocytosed antigen into the cytosol, followed by its degradation by the proteasome and processing by the MHC I loading complex in the endoplasmic reticulum (ER). An alternative and less well-defined pathway is the endosomal or vacuolar pathway, with antigen degradation and MHC I loading occurring in endosomes/phagosomes (1, 2) . Although the in vivo relevance of these pathways is unknown, the cytosolic pathway is generally considered the more relevant (2) .
Based on the essential role for cross-presentation in the control of infections and tumors, we examined the molecular mechanisms that allow γδ T-APCs to process exogenous antigen for the induction of human CD8 + T cell responses. We report unexpected differences between γδ T-APCs and moDCs in their intracellular antigen routing and degradation. In fact, our findings reveal a highly efficient cross-presentation pathway in γδ T-APCs that involves the cytosolic route of MHC I loading. Antigen crosspresentation by γδ T-APCs was not restricted to soluble protein, but included cellular debris and virus particles, underscoring their potential use in immunotherapy.
Results
Delayed Endosomal Acidification and Proteolysis in γδ T-APCs. We reported previously that γδ T-APCs outperform human moDCs in the cross-presentation of soluble protein (10) . The reason for this difference is unknown but might involve differences in antigen uptake and/or processing. We first analyzed the endocytic activity of γδ TAPCs using different soluble substrates (BSA, dextran, and Lucifer yellow). Whereas immature DCs are known for their high level of endocytosis, γδ T-APCs showed diminished endocytic activity that did not differ substantially from that of human αβ T cells, B cells, and monocytes (Fig. S1A) . Thus, the efficiency of cross-presentation did not correlate with antigen uptake, which agrees with recent findings in DCs (9, 19) . We further studied the mechanism of endocytosis using dimethyl amiloride (DMA), a Na + /H + channel inhibitor that selectively blocks macropinocytosis, and cytochalasin D, which inhibits phagocytosis by preventing actin polymerization. Although both inhibitors blocked endocytosis in moDCs, only DMA inhibited the uptake of BSA in γδ T-APCs, indicating that cytoskeleton rearrangement was not involved in the uptake of soluble antigen by γδ T-APCs (Fig. S1B) . Intracellular processing of endocytosed antigen is a critical next step in cross-presentation (20) . Whereas fast degradation was shown to prevent cross-presentation, a delay in lysosomal proteolysis increased its efficiency (20, 21) . In support of this finding, initial endosomal alkalinization followed by slow acidification was reported to promote crosspresentation (22) . Collectively, diminished lysosomal activity is thought to allow antigen "escape" into the cytosol for processing by the cross-presentation machinery and induction of CTL responses.
To examine antigen degradation, we pulsed γδ T-APCs and moDCs with FITC-BSA, followed by a 0.5 to 6 h chase and analysis by flow cytometry (FACS) . Surprisingly, after a 6 h chase, γδ TAPCs still emitted the same level of fluorescence as after the pulse (0 h chase) (Fig. 1A) . In contrast, moDCs lost >75% of their fluorescence within 3 h and >95% within 6 h. This phenomenon was observed in fresh and activated γδ T cells, whereas fluorescent signals were decreased by ≥50% in αβ T cells, B cells, and monocytes after a 6 h chase (Fig. S2A ). Rapid loss of the FITC signal in moDCs could have been due to degradation/excretion and/or antigen sequestration in acidic compartments. When we pulsed moDCs with BSA coupled to the pH-insensitive fluorochrome Alexa Fluor 488, we observed full maintenance of the fluorescence over a 24 h chase period (Fig. S2B) , demonstrating that rapid fluorescence quenching was the cause of the observed loss of the FITC signal. To corroborate this conclusion, we measured the pH in BSA-containing endosomes. Whereas the pH in moDCs dropped from 7 to 4.5 during the 3 h chase period, γδ T-APCs maintained a neutral pH (Fig. 1C) , indicating that most of the antigen in γδ T-APCs did not access acidic compartments (pH < 5.5) within the first 6 h. In DCs, the NADPH oxidase NOX2 has been shown to control endosomal pH (22) ; however, using a NOX2-specific inhibitor, we found no evidence of NOX2 involvement in pH control in γδ T-APCs ( Fig  S3) . To determine whether the slow endosomal acidification in γδ TAPCs affected lysosomal proteolysis, we assessed BSA degradation by Western blot analysis. Whereas moDCs degraded most of the BSA within 3 h, γδ T-APCs exhibited a significant delay in proteolysis (Fig. 1C) . We conclude that γδ T-APCs and moDCs differ fundamentally in terms of the kinetics of endosomal acidification and protein degradation.
Traffic of Internalized Antigen in γδ T-APCs and moDCs. The cellular compartments involved in cross-presentation in γδ T-APCs are unknown. While the importance of the cytosolic pathway is widely accepted, the presence of vesicular compartments mediating cross-presentation (e.g. ER-phagosome fusion compartment or recycling endosomes) remains controversial (2, 5, 23) . We examined the fate of endocytosed protein by confocal microscopy in γδ T-APCs and moDCs after a 1 h pulse ( Fig. 2) and after a 1.5 h chase (Fig. S4 ). As expected, in the majority of cells (60% of γδ T-APCs and 100% of moDCs), during the pulse, BSA initially colocalized with the early endosomal marker EEA-1 (Fig. S5 ). Within individual positive cells (>0% colocalization in Fig. S5B ), only 30% of endocytosed BSA colocalized with EEA-1 in both APCs, possibly reflecting the dynamic process of endocytosis. After a subsequent chase period, this colocalization was lost in all cells analyzed, indicating that the internalized protein had left early endosomes. In >60% of both APCs, BSA was found to partially colocalize (21%-27%) with the late endosomal/lysosomal marker Lamp-1. Surprisingly, in all cells analyzed, a major fraction of BSA-containing vesicles was not associated with Lamp-1, even after the chase period; thus, we investigated whether BSA might have traveled to recycling endosomes, a compartment recently proposed to be involved in cross-presentation (5) . No colocalization with rab11 + recycling endosomes was identified in γδ T-APCs or moDCs, however. Similarly, preliminary experiments in γδ T-APCs revealed no BSA colocalization with the ER marker calnexin. Although these experiments cannot prove that antigen does not traffic through these compartments in γδ T-APCs at any given time point, they certainly cannot account for the antigen-containing Lamp-1-negative vesicles.
Of interest, early after endocytosis we detected substantial colocalization of BSA with the insulin-regulated aminopeptidase (IRAP) in the majority (>80%) of γδ T-APCs and moDCs (colocalization of 22% and 44%, respectively). IRAP is a peptidetrimming peptidase suggested to be involved in proteasome-dependent cross-presentation and found in early endosomes (24) . After the 1.5 h chase, this colocalization was lost in 40% of γδ TAPCs and in all moDCs. In conclusion, our data indicate that in both APCs, internalized soluble protein travels from early to late endosomal or lysosomal compartments, with no substantial contribution of recycling endosomes.
Cytosolic Export and Processing. Because we found no distinct vesicular compartments in support of the endosomal/vacuolar pathway in γδ T-APCs, we turned our attention to the cytosolic pathway. The fundamental step in this model is the translocation of internalized antigen from endosomes to the cytosol for degradation by the proteasome (1-4) . To directly analyze antigen translocation, we used the recently described model of cytochrome c (cyt c)-induced apoptosis (25) . Because the presence of cyt c in the cytosol is highly proapoptotic, only cells capable of exporting antigen into the cytosol will undergo apoptosis on exposure to exogenous cyt c. Horse cyt c interacts with cytosolic Apaf-1, a component of the apoptosome required for caspase 9 activation, whereas yeast cyt c is inactive and was used here as a negative control. Surprisingly, γδ T-APCs incubated with increasing concentrations of horse cyt c induced substantial apoptosis, whereas yeast cyt c did not raise the level of , and quantification of residual protein expressed as percentage of maximal intensity after the pulse (mean ± SEM, n = 6-8) (bottom). *P < 0.05; **P < 0.01; ***P < 0.005. apoptotic cells above the culture medium control (Fig. 3A and Fig.  S6A ). The addition of the caspase inhibitor Z-VAD-FMK fully inhibited apoptosis, confirming the proapoptotic function of horse cyt c (Fig. 3A and Fig. S6A ). In clear contrast, no apoptosis induction was seen in moDCs ( (Fig. 3B ). In addition, no other human cell type that we analyzed (fresh and activated αβ T cells, B cells, monocytes) showed clear evidence of apoptosis induction (Fig. S6B) . In control experiments, mouse CD8 + DCs, but not CD8 − DCs, were sensitive to horse cyt c treatment, in agreement with the findings of Lin et al. (25) . Collectively, we report a remarkable efficiency of γδ T-APCs to translocate exogenous soluble antigen from endosomes into the cytosol, which was not seen in human in vitro or blood-derived DCs.
We next analyzed the involvement of the proteasome in antigen degradation. γδ T-APCs and moDCs were pulsed for 1 h with FITC-BSA and chased for 24 h in the presence of the proteasome inhibitor lactacystin before analysis by FACS and Western blot. The cytosolic pH is neutral, allowing the study of cytosolic FITC-BSA without interference from the acidic endosomal/lysosomal compartment, in which the FITC fluorescence is quenched. While increasing concentrations of lactacystin increased the residual fluorescence in γδ T-APCs, no difference was detected in moDCs (Fig. S7A) . Correspondingly, protein degradation was significantly delayed by lactacystin in γδ T-APCs, but not in moDCs (Fig. S7B) . To more accurately examine the relative contribution of the proteasome versus the lysosome to antigen degradation, we pulsed APCs with the self-quenched form of DQ-BSA, which releases its pH-independent fluorescence only after protein degradation. Confirming the delay in FITC-BSA degradation (Fig. 1C) , γδ TAPCs continued to release fluorescent degradation products for up to 3 h after the pulse when DQ-BSA was washed away (Fig. 3C) . In contrast, moDCs degraded most of the BSA during the pulse and the first 30 min chase period. Rapid decline of the fluorescent signal in moDCs during the chase period might be due to fluorochrome instability or excretion. While the proteasome inhibitor lactacystin did not affect antigen degradation in moDCs, it inhibited about 25% of the proteolysis in γδ T-APCs (Fig. 3D) . In addition, the acidification inhibitor NH 4 Cl and the protease inhibitor leupeptin reduced BSA degradation to a similar extend in both APCs (Fig. 3D) . We conclude that the main contribution to proteolysis was provided by endosomal/lysosomal compartments in both APCs; however, in clear contrast to the situation in moDCs, a substantial portion of internalized antigen in γδ T-APCs was exported to the cytosol and degraded by the proteasome.
γδ T-APCs Take Up and Cross-Present Virus-Infected Cellular Debris and Virions. Up to this point, we limited our analysis to soluble antigen. γδ T-APCs were not able to take up particulate antigen, such as bacteria, zymosan, or beads, which clearly distinguishes these APCs from phagocytes, including moDCs. However, our analysis of the uptake of fluorescently labeled cellular debris from necrotic cells found that γδ T-APCs ingested particles, as demonstrated by confocal microscopy (Fig. 4A) . We next investigated whether γδ T-APCs were able to cross-present antigen derived from cellular debris. We incubated γδ T-APCs with debris generated from influenza virus-infected cells, and studied crosspresentation of the influenza matrix protein M1-derived immunodominant peptide M1p58-66 using HLA-A2-restricted, M1p58-66-specific CD8 + T cells as responder cells (10) . The functional readout included IFN-γ production in M1p58-66 tetramer-positive responder cells after coculture with APCs. In contrast to debris from noninfected cells, γδ T-APCs incubated with influenza-infected cellular debris induced strong CD8 + T cell responses (Fig. 4B) . Responder cells did not become directly activated by debris from influenza-infected cells. Cellular debris was UV irradiated and did not contain live virus, excluding a potential complication by virus infection in our system (see below). We next explored the ability of debris-treated γδ T-APCs to induce proliferation in primary blood CD8 + T cells. γδ T-APCs loaded with debris from influenza-infected cells, but not uninfected cells, led to strong proliferation of M1-specific CD8 + T cells (Fig. 4C ). To determine whether γδ T-APCs cross-presented free virus particles, we incubated cells with increasing concentrations of influenza virus, washed the cells, and then incubated them with M1p58-66-specific CD8 + T cells. Remarkably, γδ T-APCs loaded with small quantities of live virus induced robust IFN-γ responses (Fig. 5A ). Similar to debris-loaded γδ T-APCs (Fig. 4) , M1-specific primary CD8 + T cell responses were observed when γδ T-APCs were incubated with influenza virus alone (Fig. 5B) . Of note, M1p58-66-specific T cell responses were inhibited by lactacystin, indicating involvement of the proteasome in the processing of influenza virus, as was seen previously with purified M1 protein (Fig. 5C) (10) . In contrast to cells permissive to influenza infection, such as monocytes and moDCs, we did not detect viral protein synthesis (matrix protein M1 and nucleoprotein NP) in γδ T-APCs during incubation with live virus (Fig. S8 A and B) . Moreover, UVand heat-inactivated (56°C) virus largely retained its ability to induce M1-specific CD8 + T cell responses (Fig. 5C ). In contrast, the response was abolished if the virus was heat-inactivated at 65°C, a temperature that caused the denaturation of influenza hemagglutinin, which controls fusion of the viral nucleocapsid with endosomes and subsequent viral delivery into the cytosol. It was reported previously that DCs loaded with inactivated influenza virus elicited CTL responses only if the virus retained its fusogenic activity (26) . To mimic physiological conditions, γδ T-APCs were incubated with virus-infected live cells before culture with CD8 + responder T cells. Even though HEK293 cells are HLA-A2 + and thus potentially able to directly present viral antigen, CD8 + T cell responses to influenza-infected HEK293 cells were low. The responses were increased substantially when HLA-A2 + γδ T-APCs were added, however (Fig. 5D ). In agreement with the requirement for HLA-A2 + APCs, only background responses were seen when HLA-A2 -γδ T-APCs were used. These results were confirmed in experiments using the HLA-A2
− cell line SK-N-MC as a virus source (Fig. 5D) . Collectively, these experiments demonstrate that γδ T-APCs are fully capable of cross-presenting cellular debris and virus particles for induction of strong anti-influenza CTL responses.
Discussion
Although γδ T cells with APC functions have been described in several species, the most advanced studies have been performed with human γδ T cells (10, 12, 13, (27) (28) (29) . Interestingly, human γδ T-APCs were particularly effective at cross-presenting soluble protein to CD8 + T cells (10) . The process of cross-presentation is of paramount importance for the induction of CTL responses against tumors or virusinfected cells (1) (2) (3) (4) . For lack of a better alternative, moDCs have been widely used in experimental immunotherapy settings, but the success rates generally have been low (30) . While the expert phagocytic properties and processing of particulate antigen is well known in moDCs (20, 31) , the cross-presentation of soluble protein is inefficient (7, (9) (10) (11) . In contrast, the ease of manipulation of human γδ T-APCs and these cells' expert ability to cross-present soluble protein make them a promising new tool for immunotherapy. The mechanisms underlying cross-presentation in γδ T-APCs remain unknown, however.
In the present study, we have demonstrated that γδ T-APCs differ fundamentally from moDCs in their ability to process internalized antigen for loading onto MHC I and presentation to CD8 + T cells. First, we found that antigen degradation occurred much more slowly in γδ T-APCs than in moDCs. In agreement with this, the endosomal pH in moDCs dropped to 4.0 within 3 h after endocytosis, indicating rapid access of internalized antigen to lysosomal proteases. In stark contrast, in γδ T-APCs, the pH in BSA-containing endosomes increased by one increment, to 7.0, during the first 3 h chase period, before returning to 6.0. In DCs, an increased dwell time in endosomes, controlled by a delay in acidification, is known to favor antigen cross-presentation (20) (21) (22) 31) . Our findings may be unexpected in the light of reports showing that protein degradation occurs much slower in DCs compared to macrophages (21) . However, several DC studies have also shown that macropinocytosis of soluble protein leads to faster lysosomal proteolysis than receptor-mediated antigen uptake (32, 33).
Second, γδ T-APCs readily translocated exogenous antigen into the cytosol, as demonstrated by cyt c-induced apoptosis and proteasome inhibition studies. Using exogenous cyt c, Lin et al. (25) highlighted the superior cross-presenting function of murine CD8 + DCs. Taking advantage of this experimental approach, we demonstrated that γδ T-APCs outperformed moDCs in the translocation of cyt c into the cytosol. In fact, both moDCs and human blood DCs were insensitive to the cyt c treatment, indicating that the "true" cross-presenting DCs might be found in human tissues. This surprising finding further underscores the efficient vesicular proteolysis in moDCs that overrides cross-presentation of external soluble antigen. In support of this, inhibition of the proteasome did not affect protein degradation in moDCs, whereas inhibition of lysosomal proteolysis was very effective. In contrast, in γδ T-APCs, proteasome inhibition caused a substantial reduction in antigen processing and overall protein degradation. Third, our confocal microscopy studies did not reveal a distinct vesicular compartment in γδ T-APCs that could contribute to cross-presentation. Internalized antigen colocalized with early endosomes and within 1.5 h relocated to late endosomes or lysosomes, in line with the prominent contribution of this compartment to protein degradation. While we did not detect antigen in recycling endosomes in either APC, we found endocytosed protein within vesicles harboring the aminopeptidase IRAP, which was recently shown to participate in a vesicular, yet proteasomedependent, cross-presentation pathway (24) . Collectively, our data indicate a mechanism for the expert cross-presentation capacity of γδ T-APCs that involves delayed antigen processing and efficient translocation into the cytosol. In contrast, we have no evidence for a dominant role of the cytosolic pathway in moDCs.
moDCs outperformed γδ T-APCs in the uptake of beads and bacteria, indicating poor phagocytic properties. These findings contradict a recent report published during the preparation of this manuscript (14) . However, we showed that γδ T-APCs were able to take up and cross-present cellular debris. Of interest, γδ T-APCs were very efficient in processing influenza virus, triggering CD8 + T cell responses after incubation with viruses at multiplicity of infection (MOI) of <0.1. In clear contrast to moDCs, monocytes, and diverse epithelial cell lines, γδ T-APCs were not productively infected by influenza virus, and inactivated particles were similarly active as substrates for antigen processing, thus ruling out the classical (endogenous) pathway of MHC I presentation.
How do our findings fit with the involvement of γδ T cells in antimicrobial and antitumor immunity? Accumulating evidence supports the view of a first-line defense of γδ T cells in antimicrobial immunity, mediated by rapid release of cytokines and lysis of infected target cells (15, 34) . More recent data portray γδ T cells as controllers of adaptive immunity by bridging the early phase of innate immune response with the late-phase, antigen-specific T and B cell responses (15, 18, 34) . Human blood Vγ9Vδ2 T cells respond broadly to HMB-PP, which is specifically produced by microbes. The kinetics and magnitude of γδ T cell responses to HMB-PP both in vitro and in infected individuals are astounding (16, 18 ). An equivalent subset of Vγ9Vδ2 T cells is absent in mice, and although murine γδ T cells are known to participate in antimicrobial immune defense, we have little knowledge about the antigen(s) to which they respond (15) . Vγ9Vδ2 T cells also become engaged in antitumor immunity through recognition of stress markers or certain metabolites, and play a role in antiviral immunity (35) . They often are found in increased numbers in viral infections such as HIV, influenza, or herpes simplex virus 1 and are thought to recognize virus-infected cells via stress-inducible molecules, virus-induced phosphoantigens, or heat-shock proteins (35, 36) . Of interest for the present study, human γδ T cells efficiently kill influenza-infected macrophages (37) .
The following working hypothesis combines the innate properties of Vγ9Vδ2 T cells with their ability to present antigen. Circulating Vγ9Vδ2 T cells express inflammatory chemokine receptors, allowing their immediate recruitment to sites of infection (38) , were they become activated and turn into γδ T-APCs. They then lyse affected target cells and liberate antigen for subsequent uptake, processing, and antigen presentation. A change in their migratory properties allows the homing of CCR7 + γδ T-APCs to draining lymph nodes, where they trigger microbe-(or tumor-) specific CD4
+ and CD8 + αβ T cell responses (10, 12, 38) . This model emphasizes the rapid innate-like response of human Vγ9Vδ2 T cells to microbial antigens and to tumor cells, as well as the contribution of γδ T-APCs to the early phase of adaptive immunity.
Materials and Methods
Cell Isolation and Culture. Peripheral blood mononuclear cells (PBMCs) were isolated from healthy donors using Lymphoprep (Axis-Shield), according to the local ethical guidelines on experimentation with human samples. Vγ9Vδ2 T cells (96%-99% pure) were isolated using Vδ2-PE or Vγ9-PE-Cy5 and anti-PE microbeads or, for confocal microscopy, anti-TCR-γδ-biotin. γδ T cell lines (80-90% pure) were generated from PBMCs stimulated with synthetic HMB-PP (kindly provided by H. Jomaa, Giessen, Germany) and cultured for 3 weeks with 20 U/mL of IL-2 (Proleukin; Chiron). γδ T-APCs were generated from purified γδ T cells via stimulation for 18-48 h with 20-50 nM HMB-PP, 20-50 U/mL IL-2, and 70-Gy-irradiated HLA-A2 − EBV-transformed B cells at a γδ:feeder cell ratio of 5:1. Occasionally, γδ T cell lines were used with similar results. αβ T cells were purified using the Miltenyi Pan T Cell Isolation Kit and stimulated for 2 days with 1 μg/mL of PHA (Sigma-Aldrich). MoDCs were derived from monocytes purified with CD14 microbeads (Miltenyi) and cultured for 6-7 days with 50 ng/ mL of GM-CSF and 10 ng/mL of IL-4 (Peprotech). Blood DCs were enriched from PBMCs by depleting lin + cells (CD3, CD14, CD19, and CD56). Spleen DCs from C57BL/6 mice were purified using CD11c microbeads (Miltenyi).
Endocytosis. Cells were pulsed for 0.5-1 h with 1 mg/mL of FITC-BSA, Alexa Fluor 488-BSA, or Alexa Fluor 647-BSA or with 0.5 mg/mL of DQ-BSA (all from Invitrogen) and washed extensively before the chase period. In some experiments, cells were preincubated for 30 min with 5 μM cytochalasin D (Sigma-Aldrich), 250 μM DMA (Sigma-Aldrich), 50 mM NH 4 Cl, 100 μM leupeptin, 10 μM diphenylene iodonium, and 20 μM Z-VAD-FMK or 1-10 μM lactacystin (Alexis). Inhibitors were kept in the medium throughout the chase period. The percent inhibition was calculated as the reduction in geometric MFI of inhibitor-treated cells versus untreated cells after background fluorescence (4°C) was subtracted. Cells incubated for 6 h with cyt c (Sigma-Aldrich) were stained with annexin V (BD Biosciences). Debris was generated by repetitive freezing-thawing of virusinfected MDCK cells or the PKH26 (Sigma-Aldrich)-labeled cell line RAW264.7.
Influenza A Virus Infection. Cells were infected for 2 h with influenza A strain A/ PR8/34 (PR8) virus (MOI 0.5-3; kindly provided by A. Gallimore, Cardiff, United Kingdom) in serum-free medium and cultured for 24 h. Replication-deficient virus was generated by UV inactivation for 30 min at a distance of 5 cm or by heating for 30 min. Virus inactivation was confirmed by standard plaque-forming unit assay.
